AbstrAct: Fetal hemoglobin (Hb F) is an important genetic modulator of the beta-hemoglobinopathies. The regulation of Hb F levels is influenced by transcription factors. We used phylogenetic footprinting to screen transcription factors that have binding sites in HBG1 and HBG2 genes' noncoding regions in order to know the genetic determinants of the Hb F expression. Our analysis showed 354 conserved motifs in the noncoding regions of HBG1 gene and 231 motifs in the HBG2 gene between the analyzed species. Of these motifs, 13 showed relation to Hb F regulation: cell division cycle-5 (CDC5), myeloblastosis viral oncogene homolog (c-MYB), transcription factor CP2 (TFCP2), GATA binding protein 1 (GATA-1), GATA binding protein 2 (GATA-2), nuclear factor erythroid 2 (NF-E2), nuclear transcription factor Y (NF-Y), runt-related transcription factor 1 (RUNX-1), T-cell acute lymphocytic leukemia 1 (TAL-1), YY1 transcription factor (YY1), beta protein 1 (BP1), chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), and paired box 1 (PAX-1). The last three motifs were conserved only in the noncoding regions of the HBG1 gene. The understanding of genetic elements involved in the maintenance of high Hb F levels may provide new efficient therapeutic strategies in the beta-hemoglobinopathies treatment, promoting reduction in clinical complications of these genetic disorders.
Introduction
Fetal hemoglobin (Hb F), which consists of two alpha-globin chains and two gamma-globin chains (α 2 γ 2 ), is predominantly expressed in the fetal period. Its levels decrease to less than 1% of total hemoglobin in adult life, the period in which adult hemoglobin (Hb A) (α 2 β 2 ) represents most of the composition. Through their high affinity for binding to oxygen molecules, the increased Hb F concentrations act as a modulator of the phenotype of beta-hemoglobinopathies, hemolytic anemias that result from beta-globin gene mutations. 1, 2 In sickle cell disease, high Hb F levels may dilute the amount of Hb S (HBB:c.20 A . T), thus inhibiting or retarding the polymerization process. This change reduces the severity of the disease. 3 In the thalassemia beta major, the increased production of γ-globin chains reduces the imbalance of the α chain/ non-α chain and increases the total hemoglobin synthesis. Thus, the increase in γ-globin gene expression is clinically relevant in the treatment of diseases in which altered beta-globin is involved. 2, 4, 5 The evolutionary process of the γ-globin genes differed during the divergence of mammals. Prosimian primates (suborder Strepsirhini) have a single γ-globin gene, the expression of which occurs in the embryonic stage, along with ε-globin gene expression. Simian primates (suborder Haplorhini) have two γ-globin genes, the expression of which occurs during the fetal period, a change which differed from that seen in prosimians. 6, 7 Molecular evidence suggests that γ-globin gene expression during the fetal period may have occurred after the divergence between prosimians and apes, ∼55 million years ago. 8 The evolutionary history of these genes indicates the occurrence of a tandem duplication of 5.5-kb DNA fragment, before the divergence between Platyrrhini and Catarrhini occurred (∼35 million years ago). Based on this information, it is believed that fetal γ-globin gene recruitment and gene duplication occurred during the same period of evolutionary history. 8, 9 After gene duplication, the coding regions of the γ G -globin (HBG2) and γ A -globin (HBG1) genes differed by only one amino acid at position 136 of the polypeptide chain, while the noncoding (introns) and transcribed and untranslated (5′ and 3′-UTR) regions differ by 3% and 14%, respectively. 10 Although apes present two γ-globin genes, the activation and expression periods of these genes differ. In Platyrrhini, only one of the γ-globin genes is functional; in Catarrhini, both genes are expressed. 6, 8 Hb F regulation is influenced by transcription factors. These genetic elements act in the globin gene regulation and in the switch from Hb F to Hb A expression. This process involves factors that are well established in the literature, including BCL11A and SOX6. [11] [12] [13] Because the beta-hemoglobinopathies are considered the most common monogenic diseases in the world and because high Hb F concentrations in these conditions may result in clinical improvement of patients, 14, 15 knowledge of transcription factors that act in Hb F regulation can reveal an important area in which therapeutic strategies and pharmacological agents are needed in order to increase the life expectancy of patients.
The aim of this study was to use phylogenetic footprinting to screen transcription factors that have binding sites in the γ-globin genes' noncoding regions in order to understand the genetic determinants that act in the modulation of Hb F levels.
Methods
We used the VISTA bioinformatics tool (http://www-gsd. lbl.gov/vista/), which identifies conservation patterns on a genome-wide scale. 16, 17 Phylogenetic footprinting analysis was used to identify regulatory elements conserved between different species. The decision to use this method was based on the assumption that sequences of biological importance and noncoding regions, in particular, are conserved among related species as a result of functional pressure. Thus, the identification of conserved elements in the noncoding regions of the γ-globin genes may indicate that these elements play a functional role in gene regulation and, consequently, in the maintenance of Hb F levels.
Because they present differences in the noncoding regions, both γ-globin genes (HBG1 and HBG2) were included in the phylogenetic footprinting analysis. The sequences of the New World monkeys, popularly known as the common marmoset (Callithrix jacchus) and tufted capuchin (Cebus apella); those of Old World monkeys, known as the Sumatran orangutan (Pongo abelli), the rhesus monkey (Macaca mulatta), the chimpanzee (Pan troglodytes), and the tarsier monkey (Tarsius syrichta); and one basal primate of the Haplorhini suborder, were all compared to human (Homo sapiens) γ-globin gene sequences in order to search for transcription factors involved in the regulation of these genes. The gene sequences for each species were obtained from the National Center for Biotechnology Information database under the following gene IDs: H. sapiens (GenBank: NG_000007.3), P. troglodytes (GenBank: NW_001249430.1), M. mulatta (GenBank: NC_007871.1), P. abelli (GenBank: NC_012602.1), C. jacchus (GenBank: NC_013906.1), C. apella (GenBank: U57043.1), and T. syrichta (GenBank: M3397.1).
The computational scheme for alignment and conservation analysis was based on the local alignment program known as BLAT (BLAST-like alignment tool) in order to identify homology. The data were then processed and globally aligned using the MLAGAN (multiple alignment) program. Alignments were visualized in the VISTA Browser by defining the colors and patterns of peaks and valleys. Next, the conservation of the region was evaluated. For the conservation evaluation, we used the program's default parameters (70% identity over 100 bp). To identify transcription factors, rVISTA was used. It associates the TRANSFAC database (913 motifs) with the comparative sequences analysis.
results and discussion
The comparison of the gene sequences in the noncoding regions of the human γ-globin genes to those of P. troglodytes, M. mulatta, P. abelli, C. jacchus, C. Apella, and T. syrichta revealed conservation levels above 70% over 100 bp of the γ-globin gene, according to the criteria established using the VISTA tools. The similarity pattern observed in the coding regions was expected from the comparison of the selected species, since these sequences are responsible for specific protein coding during the development of the organism. The high degree of similarity observed in the noncoding regions suggests the existence of functionality conserved between compared species. The noncoding regions that have high rates of conservation may indicate potential binding sites for specific transcription factors. [18] [19] [20] The results showed that the conservation degree observed in the γ-globin genes sequences differed between the species analyzed, and that the HBG1 gene was found to have higher levels of conservation (Fig. 1) .
The phylogenetic footprinting analysis and the screening of the transcription factors based on the TRANSFAC database revealed 354 conserved motifs in the noncoding regions of the HBG1 gene and 231 motifs of the HBG2 gene among the species analyzed. After analyzing the information in the literature regarding the role and involvement of each of these transcription factors in the Hb F modulation, we identified 13 elements involved in γ A -globin gene regulation and 10 elements associated with γ G -globin gene regulation. The 10 transcription factor candidates for the regula¬tion of both γ-globin genes are cell division cycle-5 (CDC5), myeloblastosis viral oncogene homolog (c-MYB), transcription factor CP2 (TFCP2), GATA binding protein 1 (GATA-1), GATA binding protein 2 (GATA-2), nuclear factor erythroid 2 (NF-E2), nuclear tran¬scription factor Y (NF-Y), runt-related transcription factor 1 (RUNX-1), T-cell acute lymphocytic leukemia 1 (TAL-1), and YY1 transcription factor (YY1). Three other transcription factors (beta protein 1 (BP1), chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII), and paired box 1 (PAX-1)) are involved in γ A -globin gene regulation, but not in γ G -globin gene regulation. Among the transcription factors highlighted in our analysis, some behave as transcriptional activators of the γ-globin genes and thus act as positive regulators of Hb F expression. Meanwhile, some regulatory elements are transcriptional repressors and other factors form protein complexes that act in the regulation of the globin genes. There are also transcription factors that act indirectly in γ-globin gene regulation.
GATA-2 and TAL-1 are transcriptional activators of the γ-globin genes. GATA-2 is expressed during the initial stages of the precursor hematopoietic lineage and appears to be involved in self-renewal, proliferation, and cell survival. Some reports have shown that the β-globin gene cluster has 16 binding sites preserved for the GATA transcription factor, and most of these sites are located in the locus control region (LCR). Furthermore, only the ε-globin gene and the γ-globin genes have GATA binding sites, which are absent from the δ-globin gene and the β-globin gene. 21 TAL-1 participates in the chromatin looping formation between the LCR and the γ-globin gene, and it acts by recruiting required proteins in looping formation (Ldb1 and LMO2, for example). 22 By promoting interaction between the gene and the regulatory region, TAL-1 acts as an activator of Hb F expression.
Some activators of the γ-globin genes are involved in hereditary persistence of fetal haemoglobin (HPFH) mutations. When combined with DNMT1, RAP74, and SNEV, CDC5 can bind to the single point mutation -198 (T . C) (British nondeletional HPFH) in the γ A -globin gene promoter, the Hb F levels of which range from 1.8% to 13%. 23, 24 In Brazilian nondeletional HPFH (γ A -195 C . G), PAX-1 is able to bind to the TTCCGC sequence in the HBG1 gene promoter only in the presence of this mutation, a finding that indicates that this transcription factor may play a role in the activation of Hb F expression. 25 The binding of these transcription factors in point mutations that generates increased Hb F levels may indicate that these genetic elements play a role as regulators of Hb F concentrations. BP1 and CP2 (transcription factor CP2) are indirect transcriptional activators of the γ-globin genes. BP1 reduces β-globin gene expression in cells of the erythroid lineage, both in the early stages of cell maturation and in fully mature cells. It acts as a negative regulator of adult Hb levels (Hb AA) 26 and may act as an upregulation factor of Hb F. CP2 is involved in the transcriptional activation of the α-globin genes and plays an important role in globin gene switch expression through the formation of a protein complex with GATA-1.
27,28
Along with nuclear factor erythroid 4 (NF-E4), CP2 forms the heterodimeric protein complex stage selector protein (SSP), which is involved in the preferential expression of the γ-globin genes. 29 In contrast, c-MYB, COUP-TFII, and GATA-1 act as negative regulators of Hb F levels. c-MYB regulates erythroid progenitor differentiation. 30 Literature reports have shown that elevated c-MYB levels inhibit γ-globin expression in the K562 cell line, 31 and they feature this transcription factor as a negative regulator of Hb F levels. Aerbajinai et al. 32 used siRNA transfection to show that the knockdown of COUP-TFII resulted in the induction of γ-globin gene expression during adult erythropoiesis. Furthermore, COUP-TFII joins to the BCL11A transcription factor through RID1 and RID2 motifs, thus forming a repressor complex that is able to bind to key regulation regions in Hb F genes. 33 GATA-1 is essential for survival and terminal maturation of erythroid precursors. 21 In the case of globin gene regulation, GATA-1 has been identified as a transcription factor involved in silencing the γ-globin genes due to its participation in the formation of the Hb F repressor protein complex, examples of which include the association with BCL11A, SOX6, FOG1, and NuRD 13 and the association with NF-Y, COUP-TFII, and BCL11A. 34 Moreover, the loss of GATA-1 binding sites in γ-globin gene promoters influences the prevention of HBG1 and HBG2 gene silencing.
35
YY1 (YY1 transcription factor) acts by activating and repressing a variable number of genes through histone modifications. 27 The literature reported that YY1 consists of a transcriptional repressor of ε-globin and γ-globin genes. 25, 36 In Brazilian nondeletional HPFH (-195 C . G) , the authors reported decreased interaction between YY1 and the HBG1 gene promoter region, which thus reduced the repressional activity exerted by this transcription factor. 25 RUNX-1 regulates the expression of specific genes involved in the control of hematopoiesis. 37, 38 The NF-E2 transcription factor is an important element that regulates the globin gene expression and acts in the formation of the components of the hemoglobin molecule. 39, 40 NF-Y is involved in both γ-globin gene activation and the repression processes. In general, NF-Y recruits GATA-2 and thus forms an activating complex of γ-globin gene transcription, and BCL11A, GATA-1, and COUPTFII, forming a complex that acts as a transcriptional repressor. 34 Thus, the NF-Y transcription factor can act as either an activator or a repressor of γ-globin gene expression, depending on the recruited regulator elements. Figure 2 shows the possible mechanisms of interaction exerted by the transcription factors selected from the in silico analysis in hematopoietic processes, erythropoietic processes, and the regulation of globin gene expression.
In addition to the 13 transcription factors in our analysis, other elements are known for regulating γ-globin gene expression. They include Krüppel-like factor family members and NF-E4. Krüppel-like factor 1 (KLF1) is an indirect repressor of γ-globin gene expression. KLF1 activates the expression of BCL11A, a transcription factor known as a key repressor of Hb F expression. 41 Krüppel-like factor 11 (KLF11) is predominantly expressed in the erythroid lineage cells. Gene expression studies have revealed that KLF11 can act as a transcriptional activator of embryonic and fetal globin. 42 The transcription factor known as NF-E4, which is part of the SSP complex along with CP2, can direct the LCR to the promoter regions of the γ-globin genes and thus maintain high Hb F levels. 29, 43 However, these factors are not conserved among species of the suborders Catarrhini and Platyrrhini. When we compared only the primates of the Old World and the New World to each other, these transcription factors were found to be conserved. Thus, we can infer that these elements do not exert significant influence on Hb F production in T. syrichta. In this species, fetal hemoglobin is expressed along with the ε-globin, unlike to happen on globin ontogeny of the other analyzed species of primates.
Our results corroborate the reports in the literature on the participation of numerous genetic factors in γ-globin gene regulation. Many studies have revealed genetic regulators that can provide promising information for the development of effective strategies for the induction of Hb F levels. 1, 11, 44, 45 Sankaran and Orkin 15 performed a literature review regarding the elements that act in the switch from Hb F to Hb A expression, and they showed that most of the molecules identified as regulators in this process are transcription factors. These findings reinforce the importance of screening such regulatory elements in order to provide more accurate information on these factors' mechanisms of action in the increase of Hb F levels. Ideally, this information will result in the clinical improvement of patients with beta-hemoglobinopathies.
conclusion
Based on the results provided via phylogenetic footprinting analysis and a subsequent overview of the literature, the noncoding regions of γ A -globin gene have been found to have binding sites for 13 conserved transcription factor motifs involved in Hb F regulation between Old World monkeys, New World monkeys, and Tarsiidae, while the noncoding regions of γ G -globin gene have 10 elements. Knowledge of the genetic elements involved in γ-globin gene regulation forms the basis of new molecular strategies that can be used in the treatment of diseases in which elevated Hb F levels can reduce clinical manifestations and provide longer life expectancies for individuals with these disorders.
